Cone-beam computed tomography (CBCT) has been recently used to analyse trabecular bone structure around dental implants. To validate the use of CBCT for three-dimensional (3D) peri-implant trabecular bone morphometry by comparing it to two-dimensional (2D) histology, 36 alveolar bone samples (with implants n527 vs. without implants n59) from six mongrel dogs, were scanned ex vivo using a high-resolution (80 mm) CBCT. After scanning, all samples were decalcified and then sectioned into thin histological sections (,6 mm) to obtain high contrast 2D images. By using CTAn imaging software, bone morphometric parameters including trabecular number (Tb.N), thickness (Tb.Th), separation (Tb.Sp) and bone volume fraction (BV/TV) were examined on both CBCT and corresponding histological images. Higher Tb.Th and Tb.Sp, lower BV/TV and Tb.N were found on CBCT images (P,0.001). Both measurements on the peri-implant trabecular bone structure showed moderate to high correlation (r50.65-0.85). The Bland-Altman plots showed strongest agreement for Tb.Th followed by Tb.Sp, Tb.N and BV/TV, regardless of the presence of implants. The current findings support the assumption that peri-implant trabecular bone structures based on high-resolution CBCT measurements are representative for the underlying histological bone characteristics, indicating a potential clinical diagnostic use of CBCT-based peri-implant bone morphometric characterisation.
INTRODUCTION
Bone quality, which is a significant determinant of the survival rate of an implant, 1-2 depends on the bone mineral density as well as the spatial structure of trabecular bone. [3] [4] To determine the internal structural properties of peri-implant trabeculae, a proper quantitative morphometry with the imaging resolution superior to trabecular dimensions is desirable. 5 Conventionally, bone structure could be assessed in vitro by histomorphometry. This approach remains the gold standard due to its high spatial resolution and image contrast, though it is time-consuming and destructive for secondary measurements. 6 Another alternate technique to quantify bone structure in vitro is micro-computed tomography (micro-CT), which has been mainly applied in small animal bones and bone biopsies. In vivo imaging of trabecular bone structure is feasible using high-resolution magnetic resonance imaging and multislice CT, 7-8 but these are limited by metal artefacts (MRI/CT) or abundant radiation exposure (CT). In contrast, cone-beam computed tomography (CBCT), as an easily available clinical imaging modality developed since the late 1990s, [9] [10] offers an efficient non-invasive scanning in combination with higher spatial resolution, reduced radiation dose and scan costs.
11-12
The value of CBCT in clinical practice has been largely demonstrated in oral and maxillofacial pathology, surgery and implantology, 13 mainly focusing on bone density and linear bone measurements.
14 Only a few studies described the use of CBCT for trabecular bone structure assessment. 12, [15] [16] Recently, this imaging modality was utilized in a pilot study for analysing peri-implant trabecular bone morphology, suggesting that the latest CBCT equipment with a resolution of 80 mm may probably serve as a 1 three-dimensional (3D) imaging modality for the clinical assessment of the anisotropic trabecular microstructures. 17 To date, CBCT for bone morphometric evaluation has been validated with other imaging acquisition modalities such as micro-CT 18 or conventional CT 19 in human cadavers, further indicating the possibility of quantifying and monitoring changes of trabecular bone microarchitecture in vivo using CBCT. However, less is known about the effectiveness and accuracy of CBCT in comparison to histomorphometry, which will actually add to understanding of previous 3D findings, and help to explain the mechanical behavior of bones. In addition, whether the existence of metal implants could influence the bone morphometry quantification by using CBCT has hardly been documented. Therefore, the aim of this study was to verify the accuracy of high-resolution CBCT in peri-implant trabecular bone structure analyses using histology as a reference.
MATERIALS AND METHODS

Samples
The current samples consisted of 27 alveolar bone biopsies with custom-made implants and 9 alveolar bone biopsies without the implants (natural healing after teeth extraction, Table 1 ) retrieved from six mongrel dogs (male, weight 14.8-18.1 kg, age 20-24 months old). The detail of biopsies were outlined in a previous study. 17 Briefly, all dogs were sacrificed by means of an intravenous injection of an overdose 0.1 mL?kg 21 Xylazine Hydrochloride (Changchun Military Academy of Medical Sciences, Changchun, China). The jawbones were dissected and defleshed. Then, each implant was removed with a careful preservation of 325 mm peri-implant bone as one piece of sample. The experiment protocol was in accordance with the ethical guidelines of KU Leuven (P059-2012-TK).
CBCT image acquisition All the bone samples were scanned using a high resolution CBCT (Accuitomo 170; Morita, Kyoto, Japan 20 To prevent any movement during the scanning process, each sample was mounted vertically into a sponge block, with the long axis of the implant perpendicular to the scanning beam. The calibration of CBCT imager was performed by the manufacturer before the radiographic study. The original CBCT data were reconstructed as 3D images by CTAn V1.11 software (CTAnalyser; Skyscan, Antwerp, Belgium). Three ring-shaped volumes of interest (VOIs) were automatically selected in a distance of 1 mm away from the surface of the implant, at coronal, middle and apical sections along the axis of the implant as indicated in Figure 1a . All three VOIs were selected through intermediate cross sections by using a custom processing in the CTAn V1.11 by an experienced observer (JVD). Binary regions of interest (ROIs) were further generated by a custom processing algorithm based on adaptive thresholding segmentation, 17 excluding implant and cortical bone; trabecular morphometric parameters were then calculated based on this binary segmentation of trabecular bone (Figure 1b ).
Histology
After CBCT analysis, the samples were decalcified in 0.5 mmol?L 21 EDTA phosphate buffered saline (pH 7.4) at 4 6 C for 10 months. The implants were then removed from the specimens using surgical forceps. Followed by the dehydration and embedding in paraffin, thin serial sections (,6 mm) were sectioned along the mesial-distal direction in the middle of the implant or extraction area, where more trabecular bone could be observed. Three serial sections in the most central cut area, corresponding to the greatest dimensions of the samples in length and diameter, were selected and stained with the trichrome Masson stain. Digital microscopic images of two-dimensional (2D) histological sections were captured by an automated and calibrated camera (Nikon Eclipse 80i; Nikon Co., Tokyo, Japan) and then transferred to grey-level images. The grey-level images were transformed to binary images, enabling a clear separation of trabecular bone and bone marrow (ImageJ, NIH, Maryland, USA). Similar ROIs in the mesial-distal plane, as previously defined in the CBCT measurements, were manually selected by one trained observer (EDS) independently (Figure 1c and 1d ). Those selected ROIs were then exported as BMP images and imported into trabecular bone analysis software CTAn for a semi-automatic 2D histomorphometry. Three serial sections per sample were selected to conduct this 2D histomorphometry. Then the results from coronal, middle and apical levels were averaged. All observations were guaranteed to use a standard PC (Intel Pentium Dual-Core, CPU at 3.20 GHz, 4 GB of RAM and a 64-bit operating system) with a 17-inch LCD monitor (Dell, Austin, TX, USA). 
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I, third maxillary incisors; P3, third mandibular premolars; P4, fourth mandibular premolars; R, right side; L, left side; implants, custom-made threaded, grade 5 pure titanium, machined surface, Ø53.1 mm for I and 4.1 mm for P3 and P4, length5 11 mm.
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Morphometric analysis CBCT provided measurements obtained directly from reconstructed images based on consecutive 2D images. Only those 3D morphometric parameters that could be compared with 2D histomorphometric measurements were selected for this study. Therefore, 2D and 3D parameters of trabecular bone architecture, as commonly used and directly measured indicators, 21 were quantified from CBCT images (VOIs) and histological images (ROIs) using 3D and 2D imaging processing in CTAn, respectively, following the recommendations of the American Society of Bone and Mineral Metabolism 22 and Parfitt's system. 23 The formulas and correspondence between these 2D and 3D parameters were described in Table 2 . All parameters CBCT 
RESULTS
In total, 36 alveolar bone samples (27 with implants and 9 without implants) were analysed. Normal distribution was checked first for all continuous variables according to Shapiro-Wilk test (P,0.05). Descriptive statistics of all variables were presented in Table 3 . Wilcoxon signed-rank test showed significant differences between the CBCT and histology for all morphometric parameters (P,0.001).
Although trabecular thickness (Tb.Th) and trabecular separation (Tb.Sp) were higher on CBCT images than on histological images, lower bone volume fraction (BV/TV) and trabecular number (Tb.N) were also found on CBCT images. The Spearman correlation between CBCT and histology for all analysed parameters showed significant correlation at P,0.04. ) and BV/TV (114.02%). The lines of mean under the zero showed a slight overestimation of Tb.Sp and Tb.Th (Figure 2c and  2f) , and the lines of mean above the zero demonstrated a slight underestimation of Tb.N by CBCT as compared with the histology (Figure 2g-2h) .
DISCUSSION
The present study showed that CBCT imager, with a spatial resolution as high as 80 mm, had significant correlations with histomorphometry on decalcified bone specimens for ex vivo quantification of peri-implant trabecular microstructure. In the evaluation of the agreement between CBCT and histology techniques, a combination of the Pearson's correlation coefficient and Bland-Altman analyses was applied, which would help to avoid the potential affects by the observed outliers or extreme values. 18, 24 In this study, we choose a ROI as far as 1mm away from the surface of the implant for both CBCT and histology techniques, due to the bone remodelling is greatest in the bone adjacent to the interface (within 1 mm of the implant) and decreases dramatically with increasing distance from the implant, according to a histomorphometric comparison in four species including humans. 25 The reasons for choosing decalcified histological sectioning as the 'gold standard' were: (i) better resolution (to ,6 mm) when compared with the CBCT imaging modality; (ii) the feasibility in colour detection for the bone segmentation; and (iii) no evidence at present that decalcification and embedding technique would significantly influence histomorphometric results. In this study, comparisons between Tb.Th, Tb.Sp and Tb.N analyses showed highly significant correlation and good CBCT-based peri-implant bone morphometry Y Huang et al 5 agreement between CBCT and histological images. This was well in accordance with a recent study which compared CBCT with micro-CT data on human jawbones. 18 Interestingly, CBCT had a tendency to underestimate BV/TV in our study. The latter might be explained by differences between the voxel size (80 mm for CBCT vs. 6 mm for histology), resulting in smaller trabecular boundaries less well defined by CBCT than the histological images. This is consistent with studies which reported decreasing BV/TV and Tb.N with increasing pixel size (lower resolution). [21] [22] [23] [24] [25] [26] On the other hand, CBCT tended to overestimate Tb.Th and Tb.Sp, but the bias remained relatively low (20.12 mm and 20.28 mm, respectively). This overestimation could be attributed to the sphere algorithm used for 3D measurement is influenced by the number of nodes (for Tb.Th) or shape and opening of the narrow cavities (for Tb.Sp), as observed in other comparisons of histomorphometry and micro-CT measurements. 6, 24 However, caution should be taken when applying those trabecular parameters because systematic bias was also observed. There might be several reasons for the systematic biases between CBCT and histology. First, noise was present in the CBCT images as a close fine layer in the surface of titanium implants. Second, 3D CBCT results were calculated as an average value of different VOIs around the implant, while 2D histological results came from the most central section plane of the bone samples. Third, the histological sections in the study were ,6 mm thick whereas the CBCT slice was 80 mm thick. Finally, the thresholding performed during image reconstruction and binarisation resulted in a systematic impact on subsequent quantitative results. A 10% change in the threshold of micro-CT causes a 5% change in BV/TV. 27 Whether this linear relationship exists between morphometric parameters and the thresholding during the image processing remains to be examined for various CBCT imagers. The quality of CT images could be largely influenced by metal artefacts, which in general leads to a combination of beam hardening, scattering, nonlinear partial volume effect and noise in CT images. 28 According to micro-CT findings, a blurred border of 60 mm was found around 3.5 mm-diameter screw-shaped titanium implants. 29 Although metal artefacts caused by titanium implant were present along the bone/implant direct interface in this study, specimen-specific threshold values were chosen manually based on the histogram of each image to minimize these artefacts. The intra-examiner reliability of CBCT measurements could be a further proof that the deviation derived from those manually adjustments is still desirable, suggested as another 3D bone structure analyses using CBCT. 18 Moreover, it was shown that at the lower part of implant, the range and scale of the artefacts were significantly wider and larger than the upper and middle part. 30 To compensate for the heterogeneity of artefact distribution around implants, morphometric analyses in our study were applied at three levels of VOIs along the bone/implant interface. In addition, there was little difference in correlations and biases between the groups with and without implants in this study, suggesting that CBCT is qualified for the evaluation of trabecular bone structures, regardless of the presence or absence of implants.
It has also to be acknowledged that even a micro-CT scanning with low resolution (e.g., large voxel size . 0.1 mm) relative to the size of the structure of interest may cause an underestimation of bone mineral density owing to partial-volume effects and overestimation of object thickness. 22 On the other hand, it should also be considered that the fast development of CBCT techniques results in systems enabling to display bone details at a voxel size of 80 mm, being better than the thinnest trabecular thickness of mandibular bone, whether in dogs or humans. 5, 31 From a clinical point of view, this may provides the possibility for jaw bone structural analysis bases on CBCT.
A limitation of the present study is that the bone samples were scanned ex vivo by CBCT. There was only one implant in each bone sample while CBCT scanning, which means the beam-hardening artefacts derived from multiple implants in the ROI (i.e., number of implants and corresponding spatial distribution) are not considered. Additionally, the stationary situation of the samples might have enhanced the visibility of the trabecular structures because the scans did not subject to patient's movement. It could also be argued that there was no enough soft tissue surrounding the bone to mimic the real oral scanning situation. Despite this, a previous study already showed that CBCT yields similar morphometric parameters at the 3D level for all protocols with and without water as a mimic of soft-tissue while scanning. 16 In summary, considering the good accuracy and strong correlations between CBCT-based and histological bone characteristics, it might be considered feasible to use a high resolution 3D CBCT for clinically diagnosing and analysing trabecular bone structure in general and more specifically around implants. Yet true clinical use can only follow after further studies focusing on the most accurate and reliable morphometric parameters, meanwhile identifying and dropping the biased ones. Such action may further enhance the diagnostic validity of CBCT-based analyses of peri-implant trabecular structures.
